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Abstract
UltraForm Finishing (UFF) is a production-level optical polishing process consisting of a
moving belt that is pressed into an optical surface by a carrier wheel. The current configuration
is comprised of a cylindrical carrier wheel attached to cylindrical roller bearings. As the optics
market is moving towards aspheric geometry with smaller radii of curvature, geometric
limitations associated with roller bearings requires the development of a modified approach to
the UFF process.
This thesis explores the feasibility of incorporating spherical fluid bearing elements in the
UFF process as a replacement for roller bearings. Self-acting (or wedge film) and externally
pressurized hydrostatic spherical fluid-film bearings were investigated for the UFF process. The
self-acting bearing was modeled and analyzed using a previously developed hydrodynamic finite
element computer program. The hydrostatic bearing was modeled using an analytical
formulation of the Reynolds equation coupled with empirical data to account for entrance flow
effects at the feed hole and to account for pressure drops in the bearing fluid supply system. Both
bearing configurations predicted adequate fluid film thickness under steady load and speed.
Performance tests on the UFF were completed with both bearing configurations under
steady load and speed. Ball to cup seizure was observed with the self-acting configuration nearly
immediately after initial load and speed application, with seizure presumably due to inadequate
squeeze film resistance during the transient startup period. The hydrostatic bearing operated
successfully over a wide range of applied loads and speeds employed in the current UFF process
with minimal cup and ball wear. The feasibility of the hydrostatic spherical bearing element in
the UFF process was subsequently demonstrated through the generation of repeatable and
acceptable removal function maps which were then employed in the polishing of a planar optical
surface.
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Chapter 1: Introduction
1.1 UltraForm Finishing
UltraForm Finishing (UFF) is a dwell time based optical polishing process with a
deterministic algorithm [1]. The machine’s speeds and feeds are modulated to remove a specific
amount of material from an optical surface. The amount and location of the modulation are
governed by an initial surface error map and a removal function (RF).
Figure 1 shows the application of the UFF polishing process in a planar geometric
configuration. A flat belt is wrapped around the carrier wheel and driven by a motor at a constant
linear velocity. The belt is comprised of either a bound abrasive material or a compliant material
with an abrasive slurry sprayed into the interface in-between the belt and workpiece [2, 3]. The
carrier wheel and belt is pressed into the workpiece. Contact pressure, belt shear, and abrasive
constituency provide the mechanism for wear [2].

Figure 1: Current UFF polishing process employing a torus shaped carrier wheel and a motor driven belt.
ωwheel is the angular velocity of the carrier wheel, ωworkpiece is the angular velocity of the workpiece, Vwheel is the cross
feed velocity of the wheel as it traverses the workpiece

The deterministic polishing algorithm requires a removal function (Figure 2) to calculate the
required cross feed velocities of the carrier wheel [2, 4]. It represents the wear pattern and depth
1

using the given polishing conditions. The RF is experimentally created on a representative
optical surface using the same belt, coolant, wheel geometry, and load conditions as the final
polishing path. Mathematical convolution of the RF over the optical surface predicts the final
depth of polish. The deterministic algorithm uses an optimization routine to remove the desired
depth of material at each radial location from center [1, 2]. An initial surface file (Figure 3)
guides the algorithm to the high and low areas of the optical surface. The algorithm then adjusts
the cross feed velocity of the polishing wheel to ideally dwell longer in the high areas to remove
material and to move quickly over the low areas.

Figure 2: Removal function created using toric rubber wheel and light compression

Figure 3: Initial surface for the UFF algorithm, the high (positive) central region will be reduced while
removing the least amount of material from the low (negative)

2

1.2 Current System Design and Limitations
The future of the optics industry lies in the fabrication of high-quality aspherical optics.
A single asphere provides optical designers the freedom to correct aberrations that would
normally require three or more spherical optics. The caveat is that aspheres are more
complicated and expensive to manufacture than spherical optics. An asphere is defined by an
equation that gives the sagittal height of the optic by adding together a conic and a polynomial of
the form [5]

𝑍(𝑟) =

𝑛

𝑐𝑟 2
1 + √1 − (1 + 𝑘)𝑐 2 𝑟 2

+ ∑ 𝑎𝑖 𝑟 𝑖
𝑖=1

1
.1

where Z is the sagittal height of the surface, r is the radial distance from the center of the optic, c
is the base curvature, k is the conic constant, and ai are aspheric constants. The equation when
used in industry will usually contain exponent terms to the power four, six, eight, and ten. These
higher order exponents allow for curvature inflection points along the surface, but this will
increase the difficulty of manufacture [6].
Limitations on the workpiece shape for the UFF is determined by the geometry of the
carrier wheel. The largest local radius of the wheel dictates the allowable workpiece curvature.
The smallest wheels currently in practice are approximately 16 mm in diameter. The limitation is
due to the smallest commercially available size of roller bearings required to support the forces
on the wheel hub. Other bearing technologies such as a dry contact cylindrical journals have
been tested with very limited success. Therefore an alternative design is required in-order to
produce a smaller diameter polishing wheel.
The optics market is moving towards smaller asphere geometries; therefore, it is critical
to handle small curvatures. Figure 4 demonstrates the radius of curvature issue. On the left side
of the figure the polishing wheel has a diameter small enough to fit into the curvature inflection.
On the right side of the figure the wheel is too large and cannot polish into the inflection. The
latter will either leave the area unpolished, or it will force the local curvature of the optic to
incorrectly match the radius of the polishing wheel.

3

Figure 4: Schematic of aspheric Schmidt corrector plate with polishing wheels on left and right side. Wheel
on left side is able to polish all areas of the optic, where the wheel on the right is unable to polish the area near the
inflection point.

1.3 Thesis Goals
The goal of this thesis is to investigate a practical means of incorporating a spherical
fluid-film bearing system for use in the UFF process. The necessary requirements for the
spherical bearing are based on the key goal of polishing surfaces with smaller radii of curvature
as a means of expanding OptiPro’s business into smaller aspheric lenses. Both self-acting
(hydrodynamic) and externally pressurized (hydrostatic) bearings were investigated. The design
of the spherical fluid bearing was conducted with the appropriate analytical and computational
models for the prediction of ball eccentricity (position), fluid flow rate, and supply pressure as
bearing performance measures. The experimental bearings were fabricated with polishing and
metrology equipment currently available at OptiPro. Validation of the modeling approach was
conducted with the construction of a test bench system located within OptiPro’s facilities.
The performance of the polishing system was determined by creating removal functions,
measuring bearing ball and cup wear, and polishing a planar optical surface. The topography and
the repeatability of the removal functions provided a strong indication to the quality of operation
of the bearing. Ball and cup wear measurements helped determine the lifespan of a single
bearing. Comparison of unpolished and polished surface wear maps of the optical surface
provided a measure of the intended functionality of the spherical bearing system as well as
identified areas of improvement.
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Chapter 2: UltraForm Finishing with Spherical Bearings
2.1 Machine Description
The UFF is a multi-axis computer numerically controlled (CNC) polishing machine and
is shown in Figure 5. Each of the five axes of motion have full computer control with sub-micron
accuracy. Peripheral control of belt drive motors, fluid pumps, and air pressure are also under the
command of the CNC and the UFF. The CNC controller receives commands though text based
programs called G-Code. The programmatic abilities provided a flexible platform for
experimentation. The spherical bearing will replace the current toric rubber wheel assembly on
the arm of the polishing head for experimentation.

Figure 5: UFF machine, the polishing head is visible in the center, with the CNC controller on the right.
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2.1.1 Bearing configurations
Two main types of spherical bearings will be designed and tested on the UFF. The
required ball velocity is created with tangential contact from the moving polishing belt for both
bearing configurations. The first type is the self-acting or wedge film bearing as shown in Figure
6 and its mode of operation in Figure 7. The angular velocity of the ball is the main load carrying
action. The bearing relies on fluid supply at the edges of the bearing to create the fluid film.
Optionally fluid feed holes could be installed around the spherical perimeter. The second type of
bearing is the hydrostatic configuration shown in Figure 8 and its mode of operation is shown in
Figure 9. A central feed supply with external pressure is used to maintain the fluid film with
wedge film action from ball rotation playing only a secondary role. The bearing thus acts as a
flow restricting orifice. Hydrostatic bearings typically require a high pressure supply pump to
generate the required bearing pressure to support the applied load.

Figure 6: Self-acting bearing configuration on UFF

Install
bearing and
belt

Enable spray
coolant

Tension belt

Enable belt
drive motor

Figure 7: Flow chart for the operation of the self-acting bearing configuration
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Polish

Figure 8: Hydrostatic bearing configuration on UFF

Install
bearing and
belt

Enable high
pressure
supply pump

Tension belt

Enable belt
drive motor

Polish

Figure 9: Flow chart for the operation of the hydrostatic bearing configuration

2.2 Machine Operation
2.2.1 Belts, Coolants, and Slurries
The UFF always uses a belt for polishing optics. The belt is comprised of an abrasive
compound layered on top of a polymer or woven backer. Wheel and belt compliance creates an
area of pressure on the optical surface. The material removal rate of the polishing process is
directly proportional to the contact area and pressure. Pressing a rubber wheel into the optical
surface provides the local pressure for polishing. The spherical bearing is rigid, therefore the
polishing pressure is generated by compressing the belt between the sphere and the optical
surface. The allowable compression depends on the thickness and stiffness of the belt.
Bound abrasive belts are generally paired with a flood or heavy spray of coolant to
transport machined particles away from the optical surface. Another configuration is a porous
7

belt and a polishing fluid consisting of a slurry, such as cerium oxide or diamond. The working
fluid for the spherical bearing will be one of these two types. UFF employs a water-like coolant
(95% water, 5% additive) with a bound abrasive belt shown in Figure 10a. A porous polishing
belt is commonly paired with a cerium-oxide slurry as shown in Figure 10b. Slurry has particles
on the order of 1-10 microns. Water-like coolant will be used as the working fluid for the scope
of this thesis. Internal studies as OptiPro have shown the 95% water coolant has nearly identical
fluid properties as water, such as viscosity, density, and specific heat.

(a)

(b)

Figure 10: Working fluids on the UltraForm machine, (a): Opticut GPM coolant (95% water), (b): CeriumOxide slurry with a porous belt

2.2.2 Applied Loads
Understanding the applied loads on the bearing is necessary for design purposes. Figure
11 shows a Kistler Multi-Axis Force Dynamometer employed in this study. The dynamometer
can measure force in three Cartesian directions, as well as the moments about the respective
axes. An example of the polishing forces involved in the UFF process is shown in Figure 12.
Common belt, wheel, and material configurations have been tested with the dynamometer. The
current rubber UFF wheels are subjected to a load range of 20-75 Newtons. The load history is
ramped quickly to a constant average value, with deviations due to surface finish and belt
8

fabrication. The spikes in the force data are due to the joining splice of the belt and are
accentuated by belt wear.

Figure 11: Force measurement capability of OptiPro. Data collection software running on a laptop
connected to multi-axis dynamometer by USB.

Figure 12: Force data from a UFF polishing process with a rubber wheel. Three orthogonal axes of force
are available from the dynamometer. Load spikes are due to a worn belt and splice.
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2.3 Metrology
Measurement of the radius, irregularity, and roughness are critical in qualification of the
bearing cups. Radius is the primary geometric specification. Irregularity is a term commonly
used in optics to describe low frequency surface errors. Sphericity, the deviation of a surface
from spherical geometry is analogous to irregularity. Roughness is a measure of the surface
texture. Radius, irregularity, and roughness describe surface deviations with increasing lateral
frequency. Three commercially available metrology devices were used over the course of this
thesis: OptiPro UltraSurf, Zygo GPI, and Zygo NewView 600.
UltraSurf is a computer controlled non-contact coordinate measuring machine [7]. It uses
a single point measurement sensor to gather three-dimensional surface information. The sensor
uses chromatic confocal sensing to determine distance from the tip of the probe to the measured
surface [8]. Chromatic aberration is purposely used to give the sensor fine vertical resolutions of
10 nm with a range of 300 µm. UltraSurf can use the sensor to measure rough or polished
surfaces. The sensor must stay perpendicular to the surface while measuring. UltraSurf is able to
rotate the sensor ± 130 degrees from vertical to allow for steep geometries. Surface accuracy
measured on UltraSurf is in the ± 250 nm range.
Interferometry is a common irregularity measurement device in optical manufacturing. The
Zygo GPI is a Fizeau type interferometer that uses the wave properties of a helium neon laser to
create interference fringe patterns on an image sensor. The light and dark bands of the pattern
can be interpreted as surface height by employing a phase shifting technique [8]. Phase shifting
interferometry can typically reach accuracy levels of 60 nm with a lateral resolution of 30-200
µm.
A Zygo NewView employs coherence scanning white light interferometry with a
microscope objective. The white light produces multi-color fringe patterns an image sensor [8].
Vertical scanning of the microscope objective walks the fringes across the surface to produce a
height map. The microscope objective zooms in on the surface to provide a high lateral
resolution image of the surface texture. Coherence scanning interferometry can measure surface
texture below 1 nm with a lateral resolution of 1-5 µm.
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Chapter 3: Spherical Bearing Design
3.1 Fluid Film Lubrication
The basic equation for fluid film lubrication was developed in the late 1800s by Osborne
Reynolds[9]. A coordinate independent form of the Reynolds equation [10] for an
incompressible fluid film is given by

ℎ3
𝜕ℎ
⃗ +
∇∙(
∇𝑝) = ∇ ∙ ℎ𝑈
12𝜇
𝜕𝑡

3.1

⃗ is the average surface velocity, and h is the film thickness. This
where p is the film pressure, 𝑈
equation can be written in Cartesian, cylindrical, or spherical coordinates and forms the basis for
later analysis. As expressed in equation 3.1, there are three main contributions for generating
pressure to support a load. A bearing under dynamic loads and kinematics may exhibit a
combination of these three actions [11].
3.1.1 Hydrostatic
Hydrostatic effect is generated from the fluid pumped into the bearing via feed holes. An
external pump supplies the required pressure to maintain the lifting force shown in Figure 13.
The pressure profile from center to edge must be able to support the applied load. The lifting
force and bearing gap is dependent upon the flow out of the bearing.

Figure 13: Hydrostatic or externally pressurized planar bearing
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3.1.2 Squeeze
Squeeze film action occurs when two bearing surfaces undergo normal approach.
Pressure in the fluid rises due viscous resistance to flow as shown in Figure 14. The squeeze
velocity will not be uniform in the case of spheres or cylinders due to curvature. Pure squeeze
will support a load until all of the fluid has flowed out of the bearing. The load capacity for
squeeze films is related to viscosity of the working fluid. A low viscosity fluid such as water will
have a significantly lower load capacity compared to motor oil.

Figure 14: Squeeze film planar bearing

3.1.3 Wedge
Wedge film action begins when two non-parallel surfaces are laterally moving relative to
each other with a working fluid in between (Figure 15). The fluid pressure increases as it is
dragged into the converging space. The relative surface velocity must be fast enough to support
the applied load on a sufficiently thick fluid film. The converging space in the spherical journal
bearing will arise from a centerline offset of the ball and the journal cup.
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Figure 15: Wedge film planar bearing

3.2 Self-Acting Bearing Analysis
The self-acting bearing carries the applied load through the wedge effect. The
hydrodynamic action requires the ball to be offset from the centerline of the cup to create the
converging geometry for the fluid to wedge. When the polishing belt is initially tensioned,
squeeze film effects will be required to keep the bearing surfaces separated for enough time to
develop enough rotational velocity to create load carrying wedge effects.
A finite element lubrication model for hydrodynamic spherical bearings has been
developed by Tribology Associates, and was acquired through Dr. Boedo [12, 13]. It is referred
to as SBRGR throughout this thesis. The computer model is able to calculate minimum film
thickness, maximum film pressure and other useful performance metrics. Initial and boundary
conditions are given by the user, e.g. rotational velocity, forces, fluid pressure, and density.
3.2.1 Meshing
Finite element models begin with a mesh. The mesh provides a series of nodal locations,
connected by elements. SBRGR uses triangular shaped elements to connect the nodes. An
isometric view of a mesh can be viewed in Figure 16. Attention must be paid to the elemental
density. A mesh containing a large number of elements can take a significant amount of time to
solve versus a mesh with fewer elements. The bearing cup and surface mesh was modeled in
ANSYS. It was designed as a full hemisphere, radius 1, and element side length of 0.1. The mesh
could be scaled to any dimension by simple multiplication.
An ANSYS script exports the nodes into a SBRGR format text file. Inlet and outlet nodes
are tagged with the pressure and density of the working fluid. Any nodes to be ignored are also
13

tagged during this step. The nodes inside of a feed hole need to be ignored when calculating fluid
film thickness, but should be included for other calculations since they carry pressure.

Figure 16: Example of a spherical mesh used by SBRGR

3.2.2 Solving
Initial condition files for SBRGR contain information with regards to bearing load,
bearing speeds, initial starting location, cavitation pressure, time step, number of rotations, and
mass-conservation model. The calculated fluid flow is directly related to the mass-conservation
cavitation technique. Quasi-static cavitation results in a faster solutions, but the nodal flow
calculations will be erroneous because the density in cavitating regions are set to liquid [14]. Full
mass-conserving cavitation will be used in this thesis because flows out of the bearing can be
measured quantitatively.
Dynamic performance is simulated with SBRGR. The output files describe important
bearing performance metrics at each time step, such as minimum clearance, maximum pressure,
flows, and bearing eccentricity. The parameters allow us to determine if and when the bearing
has reached a steady state.

3.3 Comparison of Self-Acting Bearing with Known Literature
In order to gain trust from the computer model, it was validated against published results.
A hemispherical example was chosen from the paper "Spherical Bearings: Static and Dynamic
Analysis Via the Finite Element Method" by P.K. Goenka and J.F. Booker [10], who employed a
different finite element formulation and solution method along with a different cavitation model.
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The recreated case is a full hemisphere with a fixed rotational velocity, and a steady load in one
principal direction. The coordinate system from reference [10] is shown in Figure 17.

Figure 17: Coordinate system used in reference [10]

In their paper [10],









F : Applied load
R : Ball radius
D : Ball diameter
C : Radial clearance
ω : Angular velocity about Z-Axis
µ : Fluid viscosity
e: Journal eccentricity (position)
ε : Journal eccentricity ratio (e/C)
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Figures 18-20 show that the steady-state results from the reference [10] agree very well
with the SBRGR results. In particular, Figure 20 shows quantitative agreement for all of the
parameters to less than 5%. The differences are likely due to the coarse nature of the finite
element mesh used in reference [10] . One can conclude that SBRGR and the method used in
reference [10] agree on these parameters even with different element formations and cavitation
models, and SBRGR should provide accurate bearing predictions.
3.3.1 Dimensional Design Constraints
The smallest commercial wheel diameter typically employed at OptiPro is 16 mm. A
container of 3/4" (19.05 mm) diameter ball bearing spheres is readily available. The spheres
should closely approximate the current smallest wheel and provide a starting point for further
diameter reduction. Previous dynamometer testing at OptiPro has given a range of 20 to 75 N as
the continuous load range for the bearing. Typical belt speeds for the UFF process are 1 m/s to 3
m/s, and the resulting angular velocity of the ball is 105 rad/s to 315 rad/s with a ball radius of
9.525 mm.
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3.3.2 Dimensional Design Charts
The variability of the UltraForm process dictates a variety of loads and clearances are
examined in the design. A series of charts (Figures 21-23) have been created for the following
conditions:


Bearing of radius 9.525 mm



Radial clearances from 1 μm to 20 μm



Vertical loads of 25 N, 50 N, and 75 N



Ball angular velocities of 105 rad/s, 210 rad/s, and 315 rad/s



Cavitation pressures of 0 kPa and -101 kPa ( -1 atm)



Mass-conserving cavitation

Minimum film thickness (hmin) in the bearing is observed to follow a linear trend for
radial clearances less than 4 μm. The hmin continues to improve as the designed clearance is
increased. Eventually hmin reaches a maximum, where it will slowly decrease as the designed
clearance increases. The maximum hmin is the optimal designed clearance for a given operating
speed. An inverse proportional relationship is observed between speed and load with regards to
hmin. The 25 N curves from Figure 21, the 50 N curves from Figure 22 and the 75 N curves from
Figure 23 overlap with each other. The value of hmin stays approximately the same when the
speed and load are both simultaneously doubled or tripled
Thin fluid films are observed to cavitate when the film pressure is low, typically in the
range of 0 to -101 kPa. For the purposes of calculation, cavitation threshold values of 0 kPa and 101 kPa are employed here. According to the design charts, a bearing with a cavitation threshold
pressure of -101 kPa will exhibit only marginally lower hmin with higher designed clearances;
thus the hmin is relatively insensitive to cavitation threshold pressure. Employing a -101 kPa
cavitation threshold pressure will provide a slightly conservative hmin without experimental
results to determine the correct cavitation pressure.
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hmin vs C (ω = 105 rad/s)
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Figure 21: Minimum film thickness vs designed bearing clearance for a range of load conditions, operating
speed of bearing is 105 rad/s, cavitation pressures of 0 kPa and -101 kPa are overlaid

hmin vs C (ω = 210 rad/s)
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Figure 22: Minimum film thickness vs designed bearing clearance for a range of load conditions, operating
speed of bearing is 210 rad/s, cavitation pressures of 0 kPa and -101 kPa are overlaid
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hmin vs C (ω = 315 rad/s)
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Figure 23: Minimum film thickness vs designed bearing clearance for a range of load conditions, operating
speed of bearing is 315 rad/s, cavitation pressures of 0 kPa and -101 kPa are overlaid

Radial clearances below 2 μm are difficult to manufacture with the polishing capabilities
of OptiPro, and performance issues are likely to occur due to particle contamination from swarf
or slurry. Therefore a 10 μm designed radial clearance will be a good choice for a self-acting
bearing regardless of speed, as it will place the bearing design in the middle of the hmin curve
close to the maximum.

3.4 Hydrostatic Bearing Analysis
Hydrostatic bearings require a significantly different calculation approach. Two separate
papers attempt to address the issue through analytic formulations. The analytic formulations
assume axisymmetric geometry and steady load along the polar axis of symmetry. Dowson and
Taylor [15] originally solved the problem for load capacity and flow. However several
ambiguities were found in the paper. The analysis was re-done by duplicating their technique and
through careful evaluation of the integrals. Whitney [16] extends the formulation by introducing
a loss coefficient into the system. This extension will help understand the magnitude of pressure
required at the pump to produce the necessary hydrostatic pressure at the bearing.
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The hydrostatic analysis employs the following nomenclature (Figure 24):


R: Radius of bearing



C: Radial uniform bearing clearance



Ps: Supply pressure from the pump



Po: Pressure at bearing inlet edge



Pr: Entrance pressure of fluid at edge of feed hole



h: Film thickness at a given location



θi: Angle at edge of inlet feed hole



θo: Angle at the edge of the outlet




e: Journal eccentricity (position)
ε: Eccentricity ratio (e/C) of bearing, positive outward



q: Volumetric fluid flow



µ: Working fluid dynamic viscosity



ρ: Working fluid density

Figure 24: Diagram of spherical bearing for the hydrostatic analytical model
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3.4.1 Reynolds Equation
The film thickness h is given by
ℎ = 𝐶(1 + 𝜀 cos 𝜃)

3.2

where eccentricity ratio ε is positive outward. Assuming no rotation of the ball, and assuming the
ball is located along the axis of symmetry of the cup, the Reynolds equation in dimensional form
is given by
𝑑
𝑑𝑝
(ℎ3 sin 𝜃 ) = 0
𝑑𝜃
𝑑𝜃

3.3

Defining non-dimensional pressure P = p/po, Reynolds equation in non-dimensional form is
given by
𝑑
𝑑𝑃
[(1 + 𝜀 cos 𝜃)3 sin 𝜃 ] = 0
𝑑𝜃
𝑑𝜃

3.
4

Integrating twice gives the expression the non-dimensional pressure.
𝑃 = 𝐴∫

𝑑𝜃
+𝐵
(1 + 𝜀 cos 𝜃)3 sin 𝜃

where A and B are constants of integration
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3.
5

3.4.2 Pressure Distribution
Evaluation of the integral in the pressure equation is dependent upon the magnitude and
sign of ε. The Sommerfeld substitution is used to evaluate the integral, and is outlined in
Hamrock [17].
For ε < 1,
𝑃=

−𝐴
𝐺 (𝜃, 𝜀) + 𝐵
− 1)3 1

(𝜀 2

3.6

where
(1 − 𝜀)(1 − cos 𝜃)
1 + 3𝜀 2
𝐺1 (𝜃, 𝜀) =
ln [
]
(1 + 𝜀)(1 + cos 𝜃)
2
1

sin 𝜃(1 − 𝜀 2 )2
− 𝜀(3 + 𝜀 2 ) ln [
]
1 + 𝜀 cos 𝜃

3
.7

3𝜀 2 (𝜀 + cos 𝜃) 𝜀 3 sin2 𝜃 (1 − 𝜀 2 )
+
+
1 + 𝜀 cos 𝜃
2(1 + 𝜀 cos 𝜃)2

For ε = 1,
𝑃=

𝐴
𝐺 (𝜃, 𝜀) + 𝐵
8 1

3.8

where
𝜃
4
1
1
𝐺1 (𝜃, 𝜀) = ln (tan ) +
+
+
2
3(1 + cos 𝜃)3 (1 + cos 𝜃)2 (1 + cos 𝜃)

3
.9

For ε > 1,
𝑃=

−𝐴
𝐺 (𝜃, 𝜀) + 𝐵
(𝜀 2 − 1)3 1
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3.10

where
(𝜀 − 1)(1 − cos 𝜃)
1 + 3𝜀 2
𝐺1 (𝜃, 𝜀) =
ln [
]
(𝜀 + 1)(1 + cos 𝜃)
2
1

sin 𝜃(𝜀 2 − 1)2
− 𝜀(3 + 𝜀 2 ) ln [
]
1 + 𝜀 cos 𝜃

3
.11

3𝜀 2 (𝜀 + cos 𝜃) 𝜀 3 sin2 𝜃 (𝜀 2 − 1)
+
+
1 + 𝜀 cos 𝜃
2(1 + 𝜀 cos 𝜃)2

Next, define
𝐺2 (𝜃, 𝜖) =

−𝐺1 (𝜃,𝜀)
(𝜀 2 −1)3

𝐺2 (𝜃, 𝜀) =

𝐺1 (𝜃,𝜀)
8

for ε  1

3.12

ε=1

3.13

so that
𝑃 = 𝐴 𝐺2 (𝜃, 𝜀) + 𝐵
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3.14

To find A and B, employ the boundary conditions
𝑃(𝜃 = 𝜃𝑖 ) = 1
𝑃(𝜃 = 𝜃𝑜 ) = 0
which gives
𝐴=

1
𝐺2 (𝜃𝑖 , 𝜀) − 𝐺2 (𝜃𝑜 , 𝜀)

3.15

𝐵=

−𝐺2 (𝜃𝑜 , 𝜀)
𝐺2 (𝜃𝑖 , 𝜀) − 𝐺2 (𝜃𝑜 , 𝜀)

3.16

Note that A and B are both functions of θi, θo, and ε only, a point that is not emphasized in the
original formulation [15].
3.4.3 Flow
The volumetric bearing flow q (positive outward) is given by
𝑞=

−ℎ3 1 𝑑𝑝
2𝜋𝑅 sin 𝜃
12𝜇 𝑅 𝑑𝜃

−ℎ3 π sin 𝜃 𝑑𝑝
=
6𝜇
𝑑𝜃
= −[

𝑐 3 (1 + 𝜀 cos 𝜃)3 πA𝑝𝑜 sin 𝜃
]
6𝜇(1 + 𝜀 cos 𝜃)3 sin 𝜃
=
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−𝐴𝐶 3 π 𝑝𝑜
6𝜇

3.17

3.4.4 Entrance Effects
From Whitney [16], the entrance pressure pr is assumed to have the form
𝑝𝑟 = 𝑝𝑜 +

𝜌𝑞 2

3.18

2𝐴𝑒 2 𝐶𝐷𝐸 2

where ρ is fluid density, CDE is the entrance loss coefficient (found empirically), and Ae is inlet
area given by
𝐴𝑒 = 2𝜋𝑅𝐶(1 + 𝜀 cos 𝜃𝑖 ) sin 𝜃𝑖

3.19

3.4.5 Supply pressure
The supply pressure ps is given by
𝑝𝑠 = 𝑝𝑟 + 𝑝𝑙𝑜𝑠𝑠

3.20

where ploss accounts for systematic losses in the fluid delivery system, and can be measured
experimentally.
3.4.6 Load
Dimensional load f (ball to cup) is given by
𝜃𝑖

𝜃𝑜

𝑓 = 2𝜋𝑝𝑟 𝑅 2 ∫ sin 𝜃 cos 𝜃 𝑑𝜃 + 2𝜋𝑅 2 ∫ 𝑝 sin 𝜃 cos 𝜃 𝑑𝜃
0

2

2

𝜃𝑖

𝜃𝑜

2

𝑓 = 𝜋𝑅 𝑝𝑟 sin 𝜃𝑖 + 2𝜋𝑅 𝑝𝑜 ∫ 𝑃 sin 𝜃 cos 𝜃 𝑑𝜃
𝜃𝑖

𝑓 = 𝜋𝑅 2 𝑝𝑟 sin2 𝜃𝑖 + 2𝜋𝑅 2 𝑝𝑜 𝐹𝑃

3.21

where
𝜃𝑜

𝐹𝑃 = ∫ 𝑃 sin 𝜃 cos 𝜃 𝑑𝜃
𝜃𝑖
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3.22

Note that F is a function of θi, θo, and ε only. The integral is evaluated numerically with
an adaptive trapezoidal method [18]. Typographical errors have been found in Dowson and
Taylor’s original paper [15], as the integral is cumbersome to evaluate analytically.

Substitution of equations 3.17 and 3.20 into 3.21 gives

𝑓=

−6𝑅 2 𝜇𝑞 sin2 𝜃𝑖 𝜋𝑅 2 𝜌𝑞 2 sin2 𝜃𝑖 12𝑅 2 𝜇𝑞𝐹𝑃
+
−
𝐴𝐶 3
𝐴𝐶 3
2𝐴𝑒 2 𝐶𝐷𝐸 2

3
.23

3.4.7 Design Strategy
Given F, R, µ, q, ρ, CDE, C, θi, θo
1. Find ε iteratively until equation 3.23 is equal to the applied load, F.
2. Now that ε is found, the inlet bearing pressure po is given by
𝑝𝑜 = −6𝜇𝑞⁄(𝐶 3 𝜋𝐴)
3. Once po is found, the entrance pressure pr is given by equation 3.18
4. Once pr is found, the supply pressure ps is given by equation 3.20
5. Design charts can be created after experimental work determines the pressure loss terms
CDE and ploss
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Chapter 4: Experimental Results
The experimental work is organized by the following procedure
1. Manufacture several spherical bearings that meet OptiPro’s requirements
2. Calibrate the load on the bearings due to belt tension
3. Calibrate the load on the bearings due to belt compression
4. Calibrate the pressure loss in the fluid delivery system for the hydrostatic bearing
5. Operate bearings under belt tension alone
6. Create removal functions
7. Polish optical surfaces

4.1 Bearing Manufacturing
The final spherical bearing was designed around a 19.05 mm (3/4”) ball. The cup was
manufactured with a 175 degree included angle (Figure 25), as it would be much more difficult
to polish the edges of a complete hemisphere. The designed radial clearance is 10 µm. A central
feed hole of 1 mm was chosen for the hydrostatic configuration. The material is 440 series
stainless steel for durability and strength. Basic spherical shaping began on a CNC controlled
lathe. The lathe cut will be smaller than the final radius by approximately 1% to leave room for
final shaping and polishing.
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Figure 25: Final design of spherical bearing, inlet is optional for hydrostatic bearing. Upper ridge is for
quick change clamping on the UFF head.

The sphere was ground to the nearly finished radius by using a diamond paste with a grit
size of 10 µm. The sphere is oscillated against a rotating steel mandrel with the diamond paste
applied between the mandrel and cup (Figure 26). The diamond size for grinding is
incrementally reduced as the cutter marks from the CNC lathe are cleared away. Eventually the
diamond paste will have micron sized particles for polishing the surface to a mirror finish. The
polishing process will stop when the ball's radius and irregularity are within tolerance.

Figure 26: Polishing the bearing housing, the diamond slurry is brushed on to the lower lapping ball as it
rotates. Control arm allows operator to oscillate and create polishing force.
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The cup radius must be controlled to ± 2 µm, the irregularity (sphericity) to less than 0.5
µm, and the texture to less than 100 nm. Four bearings were fabricated, two for the self-acting
configuration without a feed hole, and two for the hydrostatic configuration with a center feed
hole. The radii of the bearings were certified to 9.535 mm ± 1 µm and the irregularity to 0.4 µm
by Zygo phase shifting interferometry.
The surface texture of the spheres and the cups was measured on a Zygo NewView white
light microscope. The micro-topography is shown in Figures 27 and 28 for the spherical ball and
the polished bearing cup, respectively. The spherical balls have an average roughness of 20 nm,
and the cups have an average roughness of 5 nm. These surfaces are considered very smooth, and
should work well for the self-acting bearing. Boedo and Booker [19] use the Λ ratio as a
performance metric, defined as the minimum film thicknesses over surface roughness (hmin/σ). A
bearing with a Λ greater than 1.5 will see minimal asperity contact. The spherical bearing as
configured under the specified load and speed conditions has a Λ that is at least 100, so there
should be no asperity contact under steady load and speed.

Figure 27: Micro-topography of ball bearing surface as measured by a Zygo NewView, Ra = 20 nm
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Figure 28: Micro-topography of a spherical bearing cup, as measured by a Zygo NewView, Ra = 5 nm

4.2 Tensioner Load
The spherical bearing must support a load due to the belt tension during the polishing
process. Calibration of the tensioner load will guide the future experiments. The belt serpentines
through the UFF head along a complex path. Direct measurement of the load will be more
accurate than trying to model each component of the belt system. A hook made of 3/4 inch pipe
was assembled to approximate the wrap angle of the belt over the spherical bearing. The hook
was attached to the dynamometer and bolted in the UFF machine. The belt on the UFF head was
wrapped in the same way it will be used for polishing, except around the straight piece of pipe.
The average steady state force was recorded in Figure 29 for a range of tensioner actuation
pressures. The UFF tensioner is commonly set to 40 lb/in2, which correlates to a 20 N load on the
bearing before polishing.
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Figure 29: Resulting force the belt applies to the bearing due to the set pressure of the tensioner

4.3 Belt Compression Load
Compression is the most common control for a removal function and is defined by the
distance the belt pressed into a surface of an optic. Compression can be easily measured with
feeler shims and other mechanical methods. The load due to belt compression must be estimated
or measured before polishing optics. The belt and bearing were compressed into a glass sample
and dynamometer without belt rotation (Figure 30). A 10 second running average of the load was
recorded for each compression level from 30 to 90 µm. A trend line was fit to the load data in
Figure 31 to ensure the proper load is chosen for upcoming removal functions and polishing.
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Figure 30: Compressing into an optical surface without the belt moving in-order to measure the resulting
load with the dynamometer

Mean Measured Load for a Given Compression
160

y = 0.0192x2 - 0.1835x
R² = 0.9975

140

Mean Load (N)

120
100
80
60
40
20
0
20

30

40

50

60

70

80

90

100

Belt Compression, Xcomp (μm)
Figure 31: Mean measured load for a given compression of the belt, trend line equation can be used to
estimate the desired load on the bearing
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Using the trend line equation for measured load, the required compression Xcomp to produce a
given force Fmean can be found from
𝑋𝑐𝑜𝑚𝑝 =

−𝐵 + √𝐵 2 + 4A𝐹𝑚𝑒𝑎𝑛
2A

4.
1

where A= 0.0192, B= -0.1835.

4.4 Calibration of Fluid Delivery Pressure Loss
Understanding the relationship between supply pressure and flow out of the bearing is
important for the design of the hydrostatic spherical bearing. A schematic of the fluid delivery
system is shown in Figure 32 and photograph is shown in Figure 33. The system consists of a
positive displacement pump, motor, electronic controller, fluid reserve tank, and a fluid buffer
tank. There are several valves and couplers between the pump output and the bearing. A pressure
gauge is between the pump and the buffer tank that is able to display 0 to 160 lb/in2 gauge.

Figure 32: Schematic of fluid delivery to hydrostatic bearing
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Figure 33: Photographic of fluid delivery system with critical parts labeled

The bearing cup was connected to the pump with the belt and ball absent. The pump was
set up at fixed pressure intervals and the fluid was collected in a bucket. The fluid volume
consisting of filtered water at room temperature was weighed on a calibrated scale to measure
accurately. The conversion is 1 gram on the scale to 1 mL of fluid. Each pressure interval was
measured twice, and found to be very repeatable. The chart and curve fit in Figure 34 can be
used to estimate the supply pressure when the flow is known.
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Volumetric Flow Rate vs Feed Pressure
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Figure 34: Flow rate measurements out of bearing, belt and ball absent. Error in volumetric flow rate is so
small that the vertical error bars are no larger than the plot marker.

The curve fit can be inverted to solve for pressure as a function of flow. The pressure
term is identified to be ploss in Equation 3.20 and is given by
1

𝑝𝑙𝑜𝑠𝑠

𝑞
0.4395
=(
)
−8
7 ∙ 10

4.2

4.5 Self-Acting Bearing Results
Creating removal functions is the penultimate experiment before polishing. Proper
bearing performance will result in a well-defined wear patch on the surface. Optical profiling of
the wear patch will provide the necessary data to create a removal function for the UFF
algorithm.
The self-acting bearing was mounted in a UFF machine. The polishing belt was
serpentine wrapped around the drive wheel, tensioner, idler wheels, and the bearing with the ball
inserted. The belt was loosely holding the ball in place. Two close range fluid nozzles attached to
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the UFF head were directed at the ball to feed the bearing from the edges. The tensioner was
activated to press the ball and cup together and apply a 20 N load. After belt tension was applied,
the drive wheel immediately began to rotate at the required speed to spin the ball and create the
self-action. The belt speed was 3 m/s, corresponding to 315 rad/s rotational velocity of the ball
and the maximum speed of the belt drive wheel.
It was observed that the ball would rotate only a short duration before seizing against the
cup. The belt would then begin to slip over the surface of the ball and lose lateral tracking.
Apparently all of the fluid film was squeezed out of the bearing before a fluid wedge film could
take effect. However, seizure did not cause any noticeable wear on the cup. Belt tension was then
ramped up slowly with the belt moving in hopes to provide more time to develop a wedge film
action. The ramped tension was also unsuccessful. A slippery interface between the belt and ball
prevented the belt from rotating the ball under light tension.
Trapped air in the cup and air leakage at the edge were another observed challenge to
lubricating the bearing using spray nozzles. The bearing was then fully submerged in a
transparent fluid container before starting the belt motor. Air bubbles were initially observed
when tensioning the belt. The bearing would immediately seize if the air was not completely
purged. Alternatively if purging was successful, the bearing again only rotated a small amount
before all of the fluid was squeezed out. Both situations indicate that bearing squeeze is a
relatively fast action leaving little time for hydrodynamic action to occur. An SBRGR simulation
of the event is shown in Figure 35 for a 10 N constant load. The film thickness drops below 2 µm
(ε> 0.8) within 180 ms, a time that is not feasible for the ball to accelerate to the required
rotational velocity for wedge film action.
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Squeeze Test, Constant Load
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Figure 35: Pure squeeze simulation for a 10 N vertical load on the spherical bearing

4.6 Hydrostatic Bearing
The hydrostatic bearing assembly was installed on a UFF head. Again, the tensioner
pressure was set to apply a 20 N load on the bearing. A fluid pressure of 120 lb/in2 gage was
chosen for the initial testing because it is 75% of the maximum allowable pressure of the readout
gauge. When the belt was finally tensioned the bearing was able to carry the load, but the belt
was very unstable. The spherical nature of the ball to belt contact evidently allows the belt to
travel in any direction.
A tracking device was created to slip over the outside of the bearing. The belt moves
through a rectangular channel fabricated to stabilize and restrict perpendicular motion. The
device was machined from Delrin, an acetal resin with good strength, chemical resistance, and
low coefficient of friction. The belt motor was finally enabled with the tracking device installed,
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and the motor could run the belt at speeds up to 3 m/s while carrying the 20 N load from the
tensioner.
4.6.1 Dimensional Results with Hydrostatic Analysis
The hydrostatic analysis from Section 3.4 can now be applied to estimate the actual
bearing eccentricity. The belt was tensioned on the machine at several discrete pressure intervals.
The tensioner provides a maximum of 64 N load on the ball due to limited actuation pressure.
Volumetric flow rate and supply pressure were measured at each interval with pump motor fixed
at 330 RPM. The belt velocity was set at three common specified values to see how angular
velocity of the ball affects supply pressure and flow. It was observed that rotation of the ball of at
least 105 rad/s would result in significant increase in supply pressure from the zero rotation
condition, but increasing the angular speed to 315 rad/s only displayed a marginal increase from
the 105 rad/s condition.
The CDE entrance loss coefficient from Equation 3.23 was calibrated to the average values
of the zero speed case resulting in CDE = 0.2725. The CDE of 0.56 from Whitney [16] is also used
for comparison. Figures 38-41 show the measured supply pressure for each of the four angular
velocities of the ball, as well as the calculated supply pressures with two different CDE values.
The supply pressure is estimated well using the hydrostatic analysis when there is no ball
rotation as shown in Figure 38. Adjusting the CDE term does not correctly predict the supply
pressure with a ball rotation of at least 105 rad/s, likely due to hydrodynamic effects or an extra
tensile force from the belt drive motor. A hybrid analysis including both hydrostatic and
hydrodynamic effects may be required to accurately model the relationship.
Figures 42-45 show the calculated eccentricity ratio for each of the four angular
velocities of the ball using flow values from Figure 37. It is shown that the CDE terms of 0.2725
and 0.56 do not have a significant effect on the eccentricity ratio of the bearing. The eccentricity
ratios are large across all of the tested load and angular velocity conditions, and one can
conclude the bearing will perform adequately for the UFF polishing process. Inertia effects may
be necessary in the formulation due to the thick films. Inertia effects have shown to improve the
predicted performance cylindrical journal bearings [20], therefore it is hypothesized that current
formulation is conservative.
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Figure 36: Fluid supply pressure for a given load and angular velocity of ball

Flow Rates, Fixed Pump Speed
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Figure 37: Flow for various bearing loads and speeds, Pump motor speed programmed at 330 RPM by the
amplifier
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Figure 38: Fluid supply pressure for a given load for zero ball velocity, supply pressure predictions using
two different loss coefficients are included
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Figure 39: Fluid supply pressure for a given load for 105 rad/s ball velocity, supply pressure predictions
using two different loss coefficients are included
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Figure 40: Fluid supply pressure for a given load for 210 rad/s ball velocity, supply pressure predictions
using two different loss coefficients are included
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Figure 41: Fluid supply pressure for a given load for 315 rad/s ball velocity, supply pressure predictions for
two different loss coefficients are included
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Figure 42: Calculated eccentricity ratio for a given load with zero ball velocity and for two different loss
coefficients
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Figure 43: Calculated eccentricity ratio for a given load with 105 rad/s ball velocity and for two different
loss coefficients
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Figure 44: Calculated eccentricity ratio for a given load with 210 rad/s ball velocity and for two different
loss coefficients

Eccentricity Ratio (ω= 315 rad/s)
Eccentricity Ratio, ε

300
250
200
150

CDE = 0.56 (Whitney)

100

CDE = 0.2725 (Thesis)

50
0
0

20

40

60

80

Load, F (N)
Figure 45: Calculated eccentricity ratio for a given load with 315 rad/s ball velocity and for two different
loss coefficients

The flow rate of the bearing showed little difference with angular velocities of the ball of
105 to 315 rad/s. The fluid flow was observed to be 30% higher when the ball was not rotating.
Figure 37 shows the difference in flow rates for the various angular velocities of the ball. The
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flow out of the bearing should be constant for a given pump shaft speed because the pump has a
fixed displacement. A handheld laser tachometer was used to directly measure the pump shaft
speed. It was found that the pump shaft slowed down as more load was applied to the bearing,
reducing the output flow (Figure 46). Currently the motor is driven by a variable frequency
amplifier that lacks velocity feedback to maintain a fixed motor speed. An amplifier with
feedback could be used to mitigate this issue in the future, but the current amplifier will not
hinder the operation of the bearing.
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Figure 46: Measured pump speed for given loads and ball angular velocities, pump speed programed at 330
RPM by the amplifier

4.7 Removal Functions
The hydrostatic bearing configuration was selected for removal function testing. The selfacting bearing will not be used due to previously described problems. The hydrostatic bearing
was installed on UFF head, the Kistler dynamometer attached to the lower spindle, and a
polished glass sample affixed to the dynamometer. The removal function process is described
below and shown in Figure 47. The removal function is the first major step in polishing an optic.
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The procedure is as follows:
1.
2.
3.
4.
5.
6.
7.
8.
9.

Start with glass sample and belt approximately 100 mm vertically apart
Turn on fluid pump and set pressure
Set the tensioner pressure and actuate
Turn on belt motor and set to desired velocity
Turn on Kistler dynamometer
Move sphere down to the desired compression into the sample
Dwell in the location for a desired amount of time
Rapidly lift off part
Measure topography and volumetric removal rate of RF

Figure 47: Diagram of removal function creation. The belt is compressed into the optic while moving

4.7.1 Multiple Removal Function Creation
The topography and volumetric removal rate of a removal function will determine the
quality of lens polished by an UltraForm machine. Multiple compression settings were used to
give the bearing a range of loads expected during actual polishing. Three different compression
settings were applied, using the same procedure as previously described. Five removal functions
were created for each of the three compression settings. All other parameters such as belt
abrasive, belt type, glass type, and feed pressure were kept constant.
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Figure 48: Removal function creation, five removal functions at three different compression settings

Removal Function Parameters


Belt: 400 mesh, Brown Cerium Oxide



Compression settings: Xcomp = 50 µm, 75 µm, 100 µm



Belt Speed: 3 m/s



Dwell Time: 5 Seconds



Material: Schott BK7



Applied Load: 40 N, 95 N, 174 N



Pump Pressure: 120 lb/in2



Pump Flow: 1.5e-5 m3/s

Load calibration data from Section 4.3 was used to select compression settings of 50 µm, 75
µm, and 100 µm for the removal functions. The expected force for 50 µm and 75 µm will fall
within the design range of the bearing, while 100 µm will serve as a high-load test. Also, it is
common to use compressions higher than 50 µm for polishing on an optic on the UFF. The dwell
time of 5 s is based on previous experience with the UFF. Borosilicate crown glass denoted as
BK7 [21] is used due to availability of sample pieces and ubiquitous use in optical systems. All
15 removal functions were created with the hydrostatic bearing without any visible operating
problems.

48

4.7.2 Removal Function Topography and Load
All of the removal functions were measured on the OptiPro UltraSurf non-contact profiler
to gather the topography and volume. The volumetric removal rate (VRR) is a common polishing
metric that describes the speed of material removal from a surface. The VRR was charted against
mean measured load from the dynamometer in Figure 49. The VRR linearly increased with the
measured load, indicating that the spherical bearing behaves like standard UFF wheel.

Volumetric Removal Rate for Removal Functions
0.7

VRR (mm3/min)

0.6
0.5

y = 0.0227x
R² = 0.955

0.4

0.3
0.2
0.1
0
0

5

10

15

20

25

30

Mean Normal Load (N)
Figure 49: VRR for the measured mean load of 15 different removal functions

Linear behavior is predicted, according to the Equation 4.3 derived by Brown [22] from
the work of Preston [23], and modified by Bouvier [1]. This equation describes the rate of
surface height change as it is polished:
.
𝑑ℎ
= 𝐶𝑝 𝑉𝑟𝑒𝑙 𝑃
𝑑𝑡

4.3

where h is the height of the surface, Vrel is the relative velocity between the belt and optical
surface, P is the average local pressure, and Cp is a material-based coefficient to account for
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other polishing factors such as optical material hardness, surface curvature, and polishing
abrasive. Bouvier provides equation 4.4 to calculate Cp for the UFF polishing process [1]:
𝐶𝑝 =

𝑉
𝐹 𝑡𝑑 𝑣𝑏𝑒𝑙𝑡 4/5

4.4

where F is the polishing load, V is the volume of material removed, vbelt is the speed of the belt,
and td is the dwell time for the removal function. The average Cp with the spherical bearing
removal functions and the given parameters is 1.5E-13 with an average deviation of 10%. This is
an order of magnitude less than the larger diameter rubber UFF wheels [1], indicating a less
aggressive polishing process. Bouvier found that the greater the difference in curvature between
the polishing wheel and the optical surface the lower the Cp [1]. The result is consistent with the
lower Cp for the spherical ball system compared to the larger diameter rubber wheel.
The force data from each of the three compression settings differed greatly from the
expected values of 40 N to 174 N. Volumetric removal for a given compression displayed a high
amount of deviation (Figure 50). It was discovered that the optical flat and dynamometer
assembly were tilted by approximately 20 µm. Therefore the compression was variable for each
removal function location. The dynamometer force is still valid and can be used to correlate
volumetric removal rate. Using the previous relation between compression and force (Figure 31)
we can estimate the actual compression (Figure 51). It can be seen that the estimated
compression is still less than desired after accounting for tilt. A 50 µm strip of shim stock was
used to touch the bearing off on the optical surface. Shims require careful attention and the
ability to feel when the belt is touching the shim. The last portion of compression error could be
due improper touch off. The curve fit for VRR versus estimated compression can be used to
select the proper compression for polishing optics with the same polishing parameters. Typically
VRR is on the order of 0.8 mm3/min for initial polishing, and a VRR of 0.3 mm3/min for final
corrective polishing.
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Figure 50: Volumetric removal rate for given compression. The large spread in the data is attributed to a
tilted optical surface
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Figure 51: VRR for an estimated compression, shape of data is expected because compression also changes
the removal function area
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The typical topography for the 15 removal functions was elliptical, with the long axis
perpendicular to the rotation of the belt and can be seen in Figure 52. The shape of the removal
function should provide a nice solution when used with the UltraForm optimization routine. The
shape remained elliptical even when the compression was much lower than expected (Figure 53).
Horizontal waves appear in several of the removal functions with light compression. The waves
are possibly due to lateral movement of the belt under light loading conditions. All of the
removal functions topography images can be viewed in Appendix B.

Figure 52: Removal function with typical topography

Figure 53: Removal function created with light compression

The spherical ball and the bearing cup were both visibly scratched after the 15 removal
functions were created. The cup was measured on the UltraSurf to get a full map of the scratches
(Figure 54). There were 12 notable scratches on the bearing in the shape of a “comet trail” and
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they resemble galling. The scratches have an average depth of 8 µm. An initial point of contact is
visible. The galled material is pulled across the rest of the surface by bearing rotation and carves
the scratch. The bearing surface is otherwise pristine and polished without any signs of local
wear. Further investigation showed it was a dynamic effect during the initial rotation of the belt.
Future operation should ensure proper pump flow and pressure before turning on the belt motor.

Figure 54: Topography of bearing after 15 removal functions, measured on UltraSurf. Deep scratches are 8
µm deep while the rest of the bearing is smooth. Rings are due to actual surface irregularity and UltraSurf system
noise

The ball and cup were both measured on the NewView to see how the texture has
changed after coming into contact. The roughness of the cup increased from 5 nm to 80 nm and
the roughness of the ball was very close to the original, but with more visible scratches. The ball
is made from hardened steel, as opposed to the stainless steel cup. Both bearing cup and ball
exhibit deep scratches but the surfaces are still acceptably smooth for operation.
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Figure 55: Microscope image of bearing cup surface after 15 removal functions, near the center of the cup,
measured on the NewView. Ra=80 nm, deep scratch is 3 µm deep, with light scratches less than 1 µm deep

Figure 56: Microscope image of ball after 15 removal functions, measured on the NewView. Ra=16 nm,
with 1 µm deep scratches

4.8 Polishing a Flat Optic with the Hydrostatic Bearing
The hydrostatic bearing was chosen for polishing parts due to the difficulty of starting
and maintaining the self-acting bearing. The experiment will consist of rotationally polishing an
optical flat. The UFF will compress bearing and belt into the edge of the flat, then continuously
move across the optic until it reaches the other edge. The flat will be rotating at a variable speed
as the bearing moves across the surface, effectively creating a spiral of removal over the part, as
shown in Figure 57. A photograph of the polishing process in motion is shown in Figure 58.
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Figure 57: UFF polishing process employing a spherical bearing and a motor driven belt. The sphere has an
angular velocity as result of belt motion. ωworkpiece is the angular velocity of the workpiece, Vwheel is the cross feed
velocity of the sphere as it traverses the workpiece

Polishing Parameters


50 mm BK7 flat with less than 0.4 µm surface error



Brown cerium oxide belt with 3µm abrasive



3 m/s belt speed



40 µm compression



Pump pressure ~120 lb/in2 -140 lb/in2, 300 RPM motor speed
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Figure 58: Layout of UltraForm machine while polishing the BK7 optical flat. Coolant lines are flooding
the polishing area, and a belt tracking device is visible right above bearing (horizontal black bar).

The initial surface figure error of the optical flat is very smooth. The goal is to polish
several microns of material off the surface while leaving behind an acceptable figure error. An
interferometric measurement of the optical flat can be seen in Figure 59 and its smooth fringe
pattern in Figure 60.

Figure 59: Initial error map of BK7 optical flat, as measured by Zygo phase shifting interferometry
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Figure 60: Fringe pattern from interferometric measurement of initial BK7 optical flat

A laser probe is used to measure the tool length of the bearing with the belt under tension
and fluid pump off. Seven locations are probed, and an arc is least-squares fit to the points. A
white light non-contact probe is used to locate the top of the optical flat. These two non-contact
methods are more robust that using shims for touching off. Shims are subjective to the operator
and are prone to error in compliant systems. The previous removal function test was unable to
use either technique because the dynamometer was installed and it interfered with their
operation. A new removal function was created following the same procedure as before (Figure
61). This time there is no tilt to skew the desired compression.
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Figure 61: Removal function for polishing, 40 µm compression, 3 m/s belt speed, brown cerium oxide belt,
VRR = 1.010 mm3/min. Left: False color topography, Right: 3D mesh and contour of same removal function

The bearing successfully polished the optical flat after 15 minutes of run time with a UFF
algorithm estimated 7 µm of material removed. Belt tracking issues were anticipated because the
flat is rotating perpendicular to the belt motion, but no problems were encountered. A grinding
sound was audible while polishing. The bearing was marked with a thin layer of ink before
polishing to detect any new galling that was observed during removal function test. The surface
did not show any major signs of wear as shown in Figure 62. Careful attention to the pump
pressure and flow before starting the belt motor successfully prevented the deep scratches. The
rubber backing of the belt was severely rippled in the contact area (Figure 63). Also, the abrasive
material on the belt was worn significantly, so the polished surface is not expected to have an
acceptable quality.
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Figure 62: Almost no visible wear on bearing surface after 15 minutes of polishing

Figure 63: Left: Belt abrasive material is worn through to the backing fibers, Right: Polishing belt stress
caused a ripple effect through the entire length of the belt

The surface error of the part in Figure 64 was so large that an interferometer could not
measure the surface. The jagged fringe pattern in Figure 65 is too irregular and dense for the
interferometer. UltraSurf was used to map the error because of its ability to measure high slope
surfaces. The shape of the surface error is likely due to belt wear. Material was removed at the
edge of the optical where the polishing pass started. Less material was removed as the bearing
moved towards the center of the optic while belt abrasive wore away.
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Figure 64: BK7 optical surface after first polishing pass with spherical ball and cerium belt, as measured on
the UltraSurf, Peak to Valley = 5 µm

Figure 65: Fringe pattern of BK7 optical flat after polished with spherical bearing, high spatial content
prevented interferometric measurement

The spherical fluid bearing is a stiffer polishing system than the toric rubber wheel. Thus, a small
change in compression causes a large change in axial force. The curvature of the sphere
concentrates the load-on to smaller area of the belt. Therefore the RF compression was lowered
to try to prevent damage to the belt. Several polishing cycles were completed with a compression
of 20 µm. The rubber backing of the belt still exhibited light rippling, but the abrasive material
remained intact. All of the polished parts exhibit high spatial frequency signatures as shown in
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Figure 66, but have a flatter surface error than the first polished part. Further process adjustments
could yield more desirable surfaces.

Figure 66: Surface slope maps of a BK7 optical flat after polishing by spherical bearing. Left: Low pass
filtered to show ripples, Right: High pass filtered to show the radial lines

The fluid supply pump has a fixed displacement. The pump motor speed must be adjusted
to maintain the proper flow and pressure. Low frequency pulsations from the pump motor causes
a temporary increase in fluid pressure. The motor has a minimum speed at which it can produce
the required torque to drive the pump. Currently the motor is running near the lower limit of 200
RPM. A variable ball valve was added at the secondary pump output to divert flow back in to the
fluid reserve tank. The valve allows the motor to run at a 600 RPM while bleeding off excessive
flow. The higher pump speed reduced the magnitude of pressure variation during operation.
The last optical flat was re-polished with the same 15 minute and 7 µm removal pass, but
with higher pump speed. The surface quality improved markedly. Comparison of surface texture
between parts polished at 300 RPM and 600 RPM motor speed is shown in Figure 67 and Figure
68. The 300 RPM surface exhibited radial lines of larger magnitude compared to the 600 RPM
surface. The average roughness improved by 25%, from 38 nanometers to 27 nanometers.
Therefore, reducing the magnitude of pump pulsations can improve the surface quality and
texture of polished optics with the spherical bearing.
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Figure 67: Initial surface texture on polished optic, fluid pump motor running at 300 RPM, Peak to Valley
= 440 nm, Ra = 38 nm

Figure 68: Improved surface texture on polished optic from fluid pump motor running at 600 RPM, Peak to
Valley = 300 nm, Ra = 27 nm
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Chapter 5: Summary and Conclusions
The major goal of the thesis was to develop a spherical fluid bearing system for use with
the UFF process. Two different fluid bearing configurations were explored. The self-acting
bearing is not currently considered for the UFF due to difficulties with its operation. A
hydrostatic bearing was designed using a combination of theory and numerical computing.
The hydrostatic bearing performed better than originally expected for UFF removal
functions and polishing optics. There are avenues of improvement for the overall process to
decrease surface texture and increase polishing accuracy. Mechanical modification of the
bearing cup or UFF head could add a linear spring or some other form of compliance. Reducing
the overall system stiffness will allow larger compressions without destruction of the belt. The
belt tracking device used in the experiments is overly large, therefore a machined slot in the side
of the bearing housing could provide the same benefit with a streamlined profile.
The hydrostatic analytical model can be used to scale the diameter of the bearing down to
smaller diameters. Predicted eccentricities from the model are overly large with the current pump
system, but may be more optimal with a smaller diameter bearing. Modifying the fluid delivery
system to reduce pressure loss or reduce pump size could lower the bearing eccentricity to
reasonable levels for UFF operation. Regardless, the predicted eccentrics for the current
configuration are large enough to consider using a slurry in addition to the water like coolant as
the bearing working fluid.
The content of this thesis should provide a foundation for future spherical bearing
designs. The viability of a spherical fluid bearing application in the UltraForm process has been
proven, and new challenges have been discovered for future research. Small curvature aspheric
surfaces are currently a major challenge in optical manufacturing, and it is hoped that the work in
this thesis will enable the polishing of these surfaces in the near future.
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Appendix A: Spherical Ball Bernoulli Effect
It would be expected that if the belt slips off the sphere during operation that the fluid
pressure will eject the sphere. However, it was observed that the sphere stayed suspended in the
air if the belt slips off. The reason is the Bernoulli Effect, and the particular instance is called the
Bernoulli grip. When a fluid is accelerated to a high velocity the pressure will drop, in some
cases below ambient air pressure. The pressure gradient is able to lift objects while keeping a
fluid layer in-between [24]. The object must be very parallel to the grip surface. If the fluid flow
is lowered the effect will cease to support the gravitational pull on the sphere. Therefore there is
no danger to a workpiece as long as the minimal flow is met at the bearing. The pump motor was
incrementally reduced until the ball dropped. The resulting minimal flow was measured to be 18
mL/s, with 50 lb/in2 reading at the pump gauge. The sphere is able to move out of the cup
significant distances. It is approximately 1.5 mm out of the cup with the fluid pump at 120 lb/in2
as shown in Figure 70, and 3.8 mm out of the cup at 50 lb/in2 as shown in Figure 71. Currently
researchers have used computational fluid dynamics to model the lifting effect [23, 24], and for
the scope of this thesis the effect is appreciated, but will not be further investigated.
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Figure 69: Stainless steel sphere suspended in the air by the Bernoulli grip effect, fluid pressure is 120
lb/in2 at the pump

Figure 70: Stainless steel sphere suspended in the air by the Bernoulli grip effect, fluid pressure is 120
lb/in2 at the pump, and the ball is approximately 1.5 mm out of the cup
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Figure 71: Stainless steel sphere suspended in the air by the Bernoulli grip effect, fluid pressure is 50 lb/in2
at the pump, and the ball is approximately 3.8 mm out of the cup
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Appendix B: Removal Function Topography Maps
All 15 removal functions created in Section 4.7.1 are shown below in Figures 72-86:

Figure 72: Removal Function #1, 50 µm compression desired, area = 4.410 mm2, volumetric removal rate =
0.309 mm3/min

Figure 73: Removal Function #2, 50 µm compression desired, area = 4.138 mm2, volumetric removal rate =
0.314 mm3/min
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Figure 74: Removal Function #3, 50 µm compression desired, area = 3.678 mm2, volumetric removal rate =
0.244 mm3/min

Figure 75: Removal Function #4, 50 µm compression desired, area = 3.143 mm2, volumetric removal rate =
0.159 mm3/min

Figure 76: Removal Function #5, 50 µm compression desired, area = 2.500 mm2, volumetric removal rate =
0.085 mm3/min
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Figure 77: Removal Function #6, 75 µm compression desired, area = 3.823 mm2, volumetric removal rate =
0.219 mm3/min

Figure 78: Removal Function #7, 75 µm compression desired, area = 5.125 mm2, volumetric removal rate =
0.492 mm3/min

Figure 79: Removal Function #8, 75 µm compression desired, area = 4.790 mm2, volumetric removal rate =
0.404 mm3/min
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Figure 80: Removal Function #9, 75 µm compression desired, area = 4.135 mm2, volumetric removal rate =
0.259 mm3/min

Figure 81: Removal Function #10, 75 µm compression desired, area = 3.490 mm2, volumetric removal rate
= 0.146 mm3/min

Figure 82: Removal Function #11, 100 µm compression desired, area = 5.740 mm2, volumetric removal
rate = 0.558 mm3/min
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Figure 83: Removal Function #12, 100 µm compression desired, area = 5.200 mm2, volumetric removal
rate = 0.457 mm3/min

Figure 84: Removal Function #13, 100 µm compression desired, area = 5.395 mm2, volumetric removal
rate = 0.491 mm3/min

Figure 85: Removal Function #14, 100 µm compression desired, area = 4.880 mm2, volumetric removal
rate = 0.375 mm3/min
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Figure 86: Removal Function #15, 100 µm compression desired, area = 4.228 mm2, volumetric removal
rate = 0.236 mm3/min
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